The phylogeny of Greya Busck (Lepidoptera:
Introduction

Mutualistic
interactions between plants and their pollinating seed parasites are often cited as examples of strongly coevolved interactions.
Together with figs and fig wasps (Ramirez 1970; Janzen 1979; Wiebes 1979; Kjellberg et al. 1987; Bronstein 1989; Herre 1989) ) yuccas ( Yucca: Agavaceae ) and the true yucca moths ( Tegeticula: Prodoxidae) comprise perhaps the classic cases of coevolved mutualisms thought to have evolved from antagonistic interactions ( Riley 1892; Powell and Mackie 1966; Davis 1967; Aker and Udovic 198 1; Thompson 1982; Powell 1983; Addicott 1986 ). Although ecological studies of these systems abound, the origins of behavioral, morphological, and life-history characters crucial to the development of pollination mutualisms have not been examined in a phylogenetic framework.
Recent ecological studies of the genus Greya, the putative sister taxon to the Agavaceae-feeding prodoxids (Wagner and Powell 1988) , have identified species that pollinate their host plants, yet, like the yucca moths, are seed parasites that destroy a small proportion of the host's developing seeds (Davis et al. 1992; Pellmyr and Thompson 1992 ; Thompson and Pellmyr 1992) . Greya are univoltine insects associated with plants in the families Saxifragaceae and Umbelliferae; species with known hosts are strict local host specialists that feed on a single host-plant species at any one site but show variation in host association among populations (table 1; Davis et al. 1992) . Davis et al. ( 1992) revised the genus Greya, adding eight new species, and proposed a tentative phylogeny based on cladistic analysis of 28 morphological characters ( fig. 1 ). Two species groups were strongly supported by multiple synapomorphies:
( 1) the punctlferella group, consisting of G. punctlferella, G. piperella, G. mitellae, and G. obscura, which includes all species known to feed on meristematic tissue, and (2) the solenobiella group, consisting of G. solenobiella, G. suffusca, G. reticulata, G. powelli, and G. subalba, which mtDNA Phylogeny of Greyu 129 Table 1 Hosts, Ranges, and Site Locations for Gveya mtDNA Haplotypes
Moth Species
Host Species" Range mtDNA Site(s) includes all species known to feed on plant species in the family Umbelliferae (table 1) . In contrast to the clear support for these two groups, other species groups were not strongly supported. Furthermore, the branching order of the species groups can be altered with only minor changes in overall branch lengths. A robust phylogeny of Greya species that is based on a greater number of characters that are independent of the insect-plant interactions is needed as a framework for understanding the sequence of changes in behavioral, morphological, and life-history characters which have led, as in their yucca moth relatives, to strong and specialized interactions between some Greya species and their hosts. Pellmyr and Thompson ( 1992) have suggested at least two separate origins of mutualism in the Prodoxidae. Two traits, local host specialization and mating on the host, are found in all prodoxid genera for which information is available. Oviposition into the flower is found in species of at least four genera, and, in three of these genera, some species also pollinate their host. Unfortunately, because of a paucity of morphological synapomorphies, traditional phylogenies of the Prodoxidae rely on such life-history and host-association characters for inferring relationships ( Wagner and Powell 1988 ) ; this makes the phylogenetic study of these same characters somewhat circular. We describe here a reexamination of the phylogenetic relationships within Greya (the putative sister genus to the Agavaceae-feeding genera), using variation in mitochondrial DNA (mtDNA) sequences, which provide characters presumably independent of life-history, morphological, and behavioral evolution.
Despite the proliferation of phylogenetic studies based on nucleic acid sequence vaiiation, many issues regarding the most accurate methods for reconstructing phylogenies with such data remain in dispute (for a review of methods, see Swofford and Olsen 1990 ). For example, many studies of mtDNA divergence indicate differential rates of evolutionary change at different nucleotide positions (e.g., synonymous vs. nonsynonymous changes) and for different substitutions (e.g., transitions vs. transversions) Wolstenholme and Clary 1985; DeSalle et al. 1987) . Different rates of evolution among characters may result in greater homoplasy in rapidly evolving character sets, leading some researchers to suggest some form of a priori or a posteriori character and/ or substitution weighting ( Felsenstein 198 1; Williams and Fitch 1989; Swofford and Olsen 1990; Wheeler 1990) . Unfortunately, there is no consensus about the most appropriate methods for character weighting. Using a data set that spans a range of pairwise sequence divergences from 0. I%-17%, we compare results of different methods of character (position) and substitution weighting on the phylogeny of Greya.
Material and Methods
Specimens were collected during 1988-9 1 by O.P. and J.N.T. and were shipped live to Ithaca, N.Y. for storage at -80°C. Seven Greya species with widespread geographic range are represented by individuals from more than one population; nine species with limited geographical distributions are represented by single individuals (for site locations, see table 1). One species, G. sparsipunctella ( Walsingham) , was excluded from both the morphological and molecular analyses, as it has not been collected since its discovery in 187 1 and because males are unknown. As outgroups, we included haplotypes from two other prodoxid species, Tetragma gei and Prodoxus quinquepunctellus.
We extracted total DNA from specimens by using a modification of the protocols of Harrison et al. ( 1987 ) .
Using the polymerase chain reaction (PCR) (Saiki et al. 1988 ) and total DNA as template, we amplified a region of the mtDNA genome, including most of the cytochrome oxidase I and II (CO1 and COII, respectively) genes and the intervening leucine tRNA. We used a Perkin Elmer Cetus thermal cycler and the following cycle profiles: 30 s at 93°C 60 s at 47OC, and 90 s at 72OC, for 30 cycles. We performed a second, asymmetric PCR (Gyllensten and Ehrlich 1988 ) with a single primer to produce single-stranded DNA for sequencing. We sequenced by dideoxy chain termination (Sanger et al. 1977) , using 35S and the Sequenase version 2.0 DNA sequencing kit (U.S. Biochemical).
We used nine primers to generate double-and singlestranded DNA: S 175 1, 5 'GGATCACCTGATATAG-CATTCCC; S1859, s'GGAACIGGATGAAC(A/T)-GTTTA (C/T)CCICC; S2 183, 5'CAACATTTATTT-TGATTTTTTGG; S2792, 5'ATACCTCGACGTTAT-TCAGA; S284O,5'TATTATICTTCITTAGG(A/G)TC; A3389, 5'TCATAAGTTCA(A/G)TATCATTG; A3568, 5'CCTAAIGA(A/T)GGAAT(A/T)GTTCA; A3661, 5'CCACAAATTTCTGAACATTGACCA; and A3772, 5 'GAGACCATTACTTGCTTTCAGTCATCT; "S" and "A" refer to sense and antisense strands, and numbers refer to the position of the 3' end (numbering is based on Drosophila yakuba sequence; Clary and Wolstenholme 1985 ) . Primers were designed by members of the Richard Harrison lab at Cornell University on the basis of comparisons of published sequence from D. yakuba and Apis mellifera (Crozier et al. 1989) as entered in GenBank (Genetics Computer Group 199 l). Primers used for sequencing were S2792, A3389, A3602, and A366 1, which resulted in a continuous sequence of 765 bp spanning nucleotide position 2852 in CO1 to position 3622 in CO11 ( numbers as above).
We used Genetics Computer Group's ( 199 1) GCG programs to enter and align sequences from all taxa. We used PHYLIP 3.4 DNADISTANCE program ( Felsenstein 199 1) to generate pairwise corrected haplotype distances, using Kimura's ( 1980) two-parameter model (transitions given twice the probability of transversions) . We used PAUP 3.1.1 (Swofford 1993) to search for most parsimonious (MP) trees of haplotype (for mtDNA) and species (for morphology)
relationships.
All searches of the mtDNA data matrix were performed with the HEU-RISTIC option, since the large number of taxa precluded the use of exact algorithms for finding MP trees. However, random addition with 10 replicates was used to generate initial trees for the TBR branch-swapping routine. This method increases the probability of finding the MP trees with these heuristic algorithms (Swofford 199 1) . Searches using the morphological character matrix were made with the BRANCH AND BOUND option of PAUP. Length penalties (i.e., the difference in total tree length) for alternative topologies not returned in searches for MP trees were obtained by defining "constraint trees" and enforcing these constraints during a heuristic search in PAUP (Swofford 199 1) ; these penalties were verified using MacClade 3.0 (Maddison and Maddison 1992 ) . We also analyzed the mtDNA matrix by using different forms of character and substitution weighting : ( 1) For character weighting, PAUP's REWEIGHT option was used to implement Farris's successive weighting method, which reweights characters in proportion to their resealed consistency index on an initial tree (we used the MP evenly weighted trees); this procedure is repeated until a single topology is consistently supported (Farris 1988) . Because of the extreme differences in variability at different positions within codons ( table 2 ) , we also chose relative weights of 1: 2, 1: 5, and 0: 1 for third-position changes versus changes at all other positions (including in tRNA Leu). (2) For substitution weighting, we performed searches requiring different length "penalties" for different nucleotide substitutions by defining step matrices for each model of substitution weights ( Swofford 199 1) . First, we chose relative weights of transversions versus transitions of 2 : 1 -10 : 1. We also used 1: 0 ( transversions : transitions) weighting to search for trees with "transversion parsimony," which ignores Fitch 1989 Fitch , 1990 Wheeler 1990 ). We also with these interspecific distances often only slightly less reanalyzed the morphological data, including recently than those between Greya species and outgroup genera.
acquired data reported as missing by Davis et al. ( 1992) Estimated sequence divergence between haplotypes from (see Appendix). different populations of widespread species was from less than 1% to as much as 5.7% (for two G. obscura hap-
Results
lotypes from Santa Barbara and Mendocino Counties Morphological Phylogeny
When the morphological character-state matrix was used (see Appendix), a BRANCH AND BOUND search in PAUP, returned five MP trees of 49 steps ( fig. 1 ). As in a different analysis (Davis et al. 1992) ) two major species groups, the punctifeella and solenobiella groups, are strongly supported by multiple synapomorphies.
A third species group, including Greya politella, G. pectinifera, G. variabilis, and G. enchrysa, is supported by two synapomorphies, but species in these groups exhibit many reversals. The MP trees differed in the placement of G. variata and in relationships within the solenobiella species group. The positions of the punctiferella and politella groups can be switched with only a single step added in tree length.
mtDNA Variation
Sequences from 27 mtDNA haplotypes were in California).
In contrast, maximum estimated divergence among all haplotypes of three related species, G. punctiferella, G. piperella, and G. mitellae, was less than 3%.
A heuristic search using equal weighting of all nucleotide substitutions returned two MP trees of 7 18 steps that differed only in the position of G. powelli ( fig. 2 ).
The trees support the monophyly of three distinct species groups. However, relationships among the three major species groups could be altered with only minimal change in tree length; for example, switching the positions of the punctiferella group (G. obscura + G. punctiferella + G. mitellae i-G. piperella) solenobiella group to a basal position in the punctiferella constant, 10% were uninformative (i.e., any variants were found in single haplotypes), and 27% were informative. Third positions in codons were most variable, group (as is suggested by the morphological phylogeny) by the addition of a single step in tree length.
Estimates of transition / transversion ratios based whereas second positions were least variable (table 2 ) . on reconstructed changes over one of the MP trees were A's or T's were found at 77% of sites across all haplofrom 2.0 (calculated over all haplotypes; numbered A++G transitions by 2 : l-3 : 1. A-T substitutions accounted for 80% of all transversions; this ratio decreased slightly as the maximum sequence divergence of haplotypes included decreased. Eighty-five percent of these A-T substitutions occurred at third codon positions.
Character Weighting
Giving changes at third codon positions a weight of one, while giving all other changes weights of up to five, resulted in the same two parsimonious trees found in the evenly weighted analysis. Throwing out information at third positions (i.e., giving them zero weight) resulted in a large number of MP trees, with little or no resolution of branches among closely related species.
Farris's ( 1988) method of successive weighting converged after a single round on the MP (evenly weighted) tree that places G. powelli as basal to the remaining members of the solenobiella group ( fig. 2 ). In summary, heavier weighting of characters (nucleotide positions) suspected to be more phylogenetically conservative supported the topology obtained when characters were evenly weighted.
Substitution Weighting
Since transversions appear to accumulate more slowly than transitions ( fig. 3 ), heavier weighting of the former may indicate more clearly the relationships of highly divergent taxa. Giving transversions twice the Wheeler ( 1990) and Williams and Fitch ( 1990) from the molecular MP trees only in the position of G. obscuromaculata, which was placed, as in the morphological MP trees, as sister to the punctiferella group.
Discussion
Phylogenetic studies of molecular genetic variation are increasingly being used to test evolutionary hypotheses about morphological, behavioral, and lifehistory evolution.
In particular, the reconstruction of the evolutionary history of ecological interactions is most robust when phylogenies are based on characters independent of phenotypic characters involved in, or affected by, the history of these interactions (Coddington 1988 Davis et al. ( 1992) to reconstruct the relationships within the genus Greya resulted in uncertainty of the placement of certain species (e.g., G. variata; fig. 1 ). Several morphological traits that define monophyletic groups within Greya are also found in other prodoxid genera. For example, character 2 (see Appendix), the number of segments of the maxillary palpus, has evolved from the plesiomorphic state (five segments) to the apomorphic state (three to four segments) independently at least twice among the prodoxids, as it is found in the solenobiella group of Greya and in species of the prodoxid genera Tetragma, Prodoxoides, Tridentaforma, and Parategeticula ( Davis et al. 1992) . Similarly, the zigzag wing pattern (character 8) that also defines the solenobiella group has evolved at least twice more in the family (in species of the genera Lampronia and Prodoxus). The mitochondrial phylogeny may be used as an independent test of morphological characters that conflict in their indications of phylogenetic affinity. Differences between rates of evolution in morphological and molecular characters may also allow morphological evidence to provide substantial support for nodes that are supported by few molecular synapomorphies, e.g., nodes defining the branching order of lineages that diverged over a short period of time. We first compared conflicts between the hypotheses of the two separate data sets by examining the evidence for conflicting nodes.
Basal Taxa
The relatively basal positions of three taxa, G. variata, G. variabilis, and G. pectinifera, were strongly indicated by the mtDNA phylogeny; constraining the latter two species to their positions in the morphological MP tree required 20 extra steps on the mitochondrial tree ( fig. 4 ). Constraining these species to the positions indicated by the mitochondrial data requires five extra steps in the morphological characters. However, these morphological characters are highly homoplastic at the genus or family level, and thus it is not unreasonable to assume convergence within the genus Greya. There are two apparent examples in our data.
Uncertainty in the placement of G. variata in the morphological phylogeny is caused by two derived character states shared with the solenobiella group, the tapering of the cucullus beyond the pollex (character 22) and the reduction in segments in the maxillary palpus (character 2). Shape modification of the cucullus is a common trend in Lepidoptera, and the reduction of maxillary segments is homoplastic in the Prodoxidae, as discussed above.
The MP morphological tree indicates two synapomorphies uniting G. pectinifera, G. politella, G. variabilis, and G. enchrysa ( fig. 1) . Character 18, the shape of the basal costa of the valva, is homoplastic within Greya, as it is found in the derived condition in G. obscura. Character 25 is an unordered character (number of sensilla) which is highly variable within prodoxid genera.
The basal position of G. pectintjera and G. variabilis is, however, supported by several characters: they share a single, plesiomorphic genitalic character, a pectinifer (or modified pectinifer) on the cucullus of the male (character 19). Greya pectinifera has a pectinifer (a row of spines), while G. variabilis shows an intermediate state between a full pectinifer and reduction of this structure to a pollex (a single spine), which is the derived state shared by all other Greya. Greya pectintjera also has a scaly haustellum, a plesiomorphic trait shared only with the basal prodoxid genus Tridentaforma.
All three basal species in the mitochondrial phylogeny also show levels of sequence divergence from all other congeners, that are equal to or greater than sequence divergences among genera in the family Prodoxidae (J. Brown, unpublished data); under the assumption of a clocklike accumulation of base substitutions, this suggests that these are old lineages within the genus. Thus, it would not be surprising if they have evolved features convergently with other Greya species, particularly in characters that show variation among other lineages in the family with the same degree of mtDNA divergence. In light of the congruence between the mtDNA evidence and a subset of morphological characters, we conclude that the mtDNA MP tree accurately places these three species as basal lineages. 
Solenobiella
Punctiferella Group
The mtDNA phylogeny places G. mitellae as sister to one haplotype of G. piperella, rather than to G. piperella + G. punctiferella, as is indicated by the morphological data (fig. 4) . The former topology requires an extra step in morphological character 4 (a reduction of the interantennal suture), while the latter topology requires seven extra mitochondrial substitutions.
Greya obscuromaculata
This species was placed as sister to the punctijkella or solenobiella groups in the morphological or mtDNA MP trees, respectively (fig. 4) . However, when G. pectinijka and G. variabilis are placed in basal positions (as discussed above) three morphological synapomorphies unite G. obscuromaculata with the punctiferella group. While this topology requires a single extra step for the mtDNA data, positions supporting this node are relatively conservative (two, two, and four changes over the entire tree), compared with the characters that support uniting G. obscuromaculata with the solenobiella group (seven, eight, three, and three changes). In this case, morphological characters provide support for relationships for which the molecular data are ambiguous.
Species-Group Relations
The relative positions of the politella and punctiferella species groups were reversed in the morphological and mitochondrial analyses. In each case, however, the groups could be switched with only a single-step increase in overall tree length. When G. variabilis and G. pectinifera are moved out of the politella group (as defended above), there is no difference in morphological tree length, with each grouping supported by a single synapomorphy. The lack of a large number of synapomorphies, in either data set, linking any two of the species groups, as well as equal average sequence divergence between the groups, suggests that the three lineages diverged within a short period of time, leaving few clues as to the order of divergence.
Attempts to confirm the branching order of these groups in the molecular phylogeny by using various forms of character and substitution weighting produced mixed results; character weighting supported the politella group as sister to the clade uniting the other two species groups (i.e., the mtDNA MP tree), while substitution weighting supported either topology (i.e., the mtDNA or morphological MP trees), depending on the relative weights given to transversions and transitions. Scrutiny of the mtDNA characters supporting the alternative topologies also indicates that the politella group is sister to a punctijkrella + solenobiella group clade: this topology is supported by substitutions in four conservative characters ( nucleotide positions) uniting the punctzjkrella and solenobiella groups (one, two, three, and four substitutions over the entire tree), the two most conservative of which occur at first and second codon positions. In contrast, substitutions uniting the politella and solenobiella groups are all at third-base positions in codons (two, three, and four substitutions over the entire tree).
On the basis of this evidence, we conclude that the politella group is sister to a clade uniting the other two species groups.
In the above analyses, we have chosen to compare the support for different hypotheses of relationship (i.e., monophyletic groups) by comparing the morphological and molecular evidence for conflicting hypotheses. KIuge ( 1989) and Jones et al. ( 1993) argue persuasively against the use of taxonomic congruence or the comparison of hypotheses generated from different classes of data. The problems with the use of consensus cladograms derived from different data sets are well known (Kluge 1989; Swofford 199 1) . Kluge ( 1989 ) instead advocates the use of total evidence (morphological, molecular, behavioral, etc.) as a logical extension of the cladistic principle of the maximization of character congruence. While our conclusions are not altered if we use a total evidence MP tree, we agree with Swofford ( 199 1) that much can be learned by comparing inferences from logically independent data sets (e.g., morphological data and mitochondrial sequence data or sequence data from unlinked genes involved in unrelated biochemical pathmtDNA Phylogeny of Greya 137 ways). Such comparisons are important for recognizing false inferences of species relationships from gene trees (for review of mechanisms, see Doyle 1993)) as well as the nonindependence of morphological characters. Perhaps most important, the corroboration of a phylogenetic hypothesis from an independent data set is lost when data are combined ( Swofford 199 1) .
The Evolution of Host Association and Mutualism
The phylogeny of Greya host associations clearly does not support a model of long-term cospeciation (association by descent) between moth species and their hosts. Rather, host shifts between distantly related families (e.g., Umbelliferae
and Saxifragaceae) appear to have played an important role in speciation and diversification in the genus. This does not, of course, rule out coevolution between moths and their hosts. While these subjects are treated in detail elsewhere ; J. N. Thompson and 0. Pellmyr, personal communication), we discuss below several general conclusions about the evolution of ecological traits and their importance in diversification in Greya. Species in the solenobiella group are all associated with plants in the Umbelliferae, while all other species for which data are available are associated with Saxifragaceae. Although verification of hosts for the basal species may alter this view, the most parsimonious explanation of the evolution of host association at the family level proposes a switch from feeding on saxifrages to umbellifers in the common ancestor of the solenobiella group. This switch is associated with significant morphological change.
Species in the punctzjerella group are known to feed on meristematic tissue as larvae, in contrast to members of the other two species groups, which are seed parasites. Although the larval biology of the basal species is unknown, the MP reconstruction of larval feeding mode supports a switch from seed parasitism to feeding on meristematic tissue in the common ancestor to the punctiferella group. As in the solenobiella group, this ecological shift is associated with significant morphological change.
The politella group contains the only two species that are known to pollinate their host plants during oviposition into the flower. Lack of biological information on the basal species prevents us from drawing a conclusion as to whether oviposition in the flower and pollination are plesiomorphic traits or whether they have evolved convergently in Greya and other genera in the Prodoxidae. Oviposition in the flower is considered plesiomorphic for the Agavaceae-feeding genera ) . Its presence in a relatively basal species group in Greya, the sister group to the Agavaceaefeeding genera (as well as in the relatively more basal genus Tetragma; Pellmyr and Thompson 1992 ) , raises the question whether this character, which is crucial to the evolution of mutualism between yucca moths and yuccas, may be older than the association of prodoxids with the Agavaceae.
The molecular phylogeny also indicates the potential importance of host shifts in speciation in Greya. As noted earlier, the G. sufusca haplotype is most closely related to a single G. solenobiella haplotype from the same locality. Since G. sufusca is known only from populations in this county, the mtDNA phylogeny strongly supports a recent origin of G. suflusca via a host shift from Yabea microcarpa to Osmorhiza brachypoda (table 1). A similar result is found in the punctiferella group, where the G. mitellae haplotype is most closely related to a single haplotype of G. piperella from northern California, making G. piperella paraphyletic with respect to mtDNA ( fig. 2) . It is interesting that the California population of G. piperella is associated with Heuchera micrantha rather than with H. cylindrica, the host for all other known G. piperella populations in eastern Oregon, Washington, and southern British Columbia; the California host species is available but not utilized by non-California populations. The California population of G. piperella is also aberrant in wing coloration and male genitalic shape characters (Davis et al. 1992) ) but the haplotype relationships do not by themselves justify separate species status for California G. piperella. As in the solenobiella group, there is an association of host shifts with morphological change. However, we view these results cautiously, as a lack of adequate population sampling makes it impossible to rule out lineage sorting from a polymorphic ancestor as an explanation of this pattern of haplotype relationships. Lineage sorting might also account for the relationships of populations in other species groups (e.g., G. solenobiella + G. sufusca) that are characterized by a level of sequence divergence less than that found within some widespread species.
Variation in Substitution
Frequencies in the Cytochrome Oxidase Genes
The discovery of strong transition bias in prodoxid moth mtDNA is consistent with observations from several groups of closely related Drosophila species (DeSalle et al. 1987; Liu and Beckenbach 1992; Tamura 1992 ). The proportion of transitions is lower in comparisons of more distantly related taxa, presumably a consequence of the "dominance" of transversions at multiply substituted sites DeSalle et al. 1987 ). In our data, transitions from A and T to G and C were approximately four times as common as transitions from G and C to A and T. Tamura ( 1992, table 4) found a similar bias in a study of nucleotide substitutions in nine species of Drosophila. This is perhaps a reflection of ob-served A+T compositional biases rather than a cause. The observed purine : pyrimidine strand-specific bias in number of transitions (T-C > A-G) also has been seen in mtDNA from Drosophila Garesse 1988; Tamura 1992 ) and mammals (Brown and Simpson 1982; Brown et al. 1982) .
The proportion ( 80% ) of A++T substitutions among transversions is similar to that found among Drosophila species DeSalle et al. 1987; Tamura 1992) . The majority of transversions in the prodoxid comparison occur at third-base positions in codons, where 90% of the bases are A and T. Extreme bias in base compositions appears to be typical of the mtDNA CO11 gene in insects; in 13 species representing 10 different orders, the mean proportion of A+T at thirdbase positions in the CO11 gene is 87% (Liu and Beckenbach 1992) . The bias toward A++T transversions could be the result of an underlying bias in the mutational spectrum or of selection (constraint) on base composition (or both). The bias in base composition is greatest at third-base positions (true for most orders of insects; Liu and Beckenbach 1992) , perhaps because first-and second-base positions are more constrained by the amino acid composition of the encoded protein. This assumes that there is continuous selection for A+T nucleotides, which is opposed by selection against some nonsynonymous substitutions which increase the representation of A's or T's but have deleterious consequences for protein function (see arguments in Wolstenholme DeSalle et al. 1987 ).
Character and Substitution Weighting in Molecular Phylogenies
How and when characters or types of character changes should be weighted during phylogenetic reconstruction is an unresolved and hotly debated issue (for recent examples, see Fitch 1992; Hedges and Maxson 1992; Marshall 1992) . While it is reasonable to assume that heavier weighting of more conservative characters or changes should result in more accurate reconstruction of phylogeny, it is unclear how sensitive phylogenetic reconstruction is to different assumptions about character and substitution weights. We submitted our mtDNA sequence data to several of the proposed methods of character and substitution weighting. Heavier weighting of first-and second-codonposition characters did not change our inferences from those based on equal weighting of all characters. Nodes joining clades with greater than 9% estimated sequence divergence were sensitive, however, to different assumptions about substitution weights. Ignoring transitions resulted in little phylogenetic resolution, indicating that transversion parsimony only resulted in the elimination of information at this level of divergence ( DeSalle 1992).
Our data illustrate several problems with the use of inferred substitution frequencies for phylogenetic weights. First, estimates of substitution frequencies, in particular those of quickly accumulating transitional substitutions, are dependent on the ability of the phylogeny to reconstruct those changes. For example, estimates of transition bias dropped markedly when we included taxa with long branches along which transitions would be obscured by transversions ( fig. 3) . Second, algorithms that weight substitutions inversely with their frequency (e.g., dynamic weighting; Williams and Fitch 1989, 1990 ) are sensitive to base composition.
For example, the 4: 1 bias in A-G and T-C substitutions over their reciprocals in our data can be explained by the 80% A+T bias over the entire molecule.
Finally, conversion of substitution frequencies into phylogenetic weights often results in weight matrices that violate the triangle inequality (present study; A. Brower, personal communication ). This is caused by the extreme rarity of certain substitutions; in our data, for example, A-T, A-G, and C++T substitutions are common, while all other substitutions are extremely rare, leading them to be assigned maximum weights (tables 4 and 5 ) . Maddison and Maddison ( 1992) point out that such matrices may not be self-inconsistent if the values reflect the probability of change over a certain period of time, i.e., over short branches. However, since these weights are normally applied to all branches regardless of length, inconsistency is not avoided by this assumption. The application of such weights may actually decrease the accuracy of phylogenetic inference by accentuating the attraction of long branches. Consider the following heuristic example: Only substitutions between A-T, A-G, and C+-+T occur. Substitution frequencies are estimated by reconstruction on a phylogeny such as that of Greya, which contains areas of short branches and internodes, as well as long branches of basal lineages. Substitutions other than the six allowed are inferred, since multiple substitutions may occur on long branches. These substitutions are infrequent and are thus given heavy weight for phylogenetic reconstruction. If these substitutions occur in parallel along two long branches, application of weighted parsimony will strongly support uniting these long branches, so that two costly substitutions will be reduced to a single substitution.
More fundamentally, it is unclear why substitution type should take precedence over character type. For example, a transition at a second codon position may be more conservative phylogenetically than a transversion at a fourfold-degenerate site. Dynamic weighting (Williams and Fitch 1989, 1990) compensates for this problem by implementing both character and substitution weights. Fitch and Ye ( 1992) present a small set of simulations that indicate that dynamic weighting increases the accuracy of reconstruction in some cases. Strong evidence that this method or other iterative methods accurately balance the trade-off between character and substitution weights requires more extensive simulations.
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